Introduction
Soybean transformation has been difficult, but several methods have been recently developed using Agrobacterium [1] [2] [3] , microprojectile bombardment [4] [5] [6] [7] , or electroporation.
None of the methods are ideal at present [8] . The A, tumefaciens system is low in frequency, very genotype-dependent and produces chimeric plants.
Transgenic soybean plants have also been produced by microprojectile bombardment of shoot tips [4, 6] and embryogenic suspension cultures [5] [6] [7] . Sato et al.
[6] compared gus gene expression transformed by microprojectile bombardment in two soybean regeneration systems, organogenesis and embyogenesis. Microprojectile bombardment using a Bio-Rad Biolistic PDS-1000 helium gun delivered particles into the first 2 cell layers of either shoot tips or somatic embryos. [8] . Nonetheless, the use of embryogenic suspension cultures has the merit of a higher transformation frequency, less genotype-specificity and less chimeric plant production due to the surface origin of embryos and the more rigorous selection in liquid medium [5] .
In the first soybean transformation work with a gunpowder-powered Dupont Biolistics Particle Delivery System (Model BPG) with embryogenic suspension cultures, Finer and McMullen [5] obtained an average of 3 transgenic clones per bombardment after hygromycin selection. In the second report, Finer et al. [9] showed that each bombardment produced an average of 11.5 stably-transformed hygromycin-resistant clones using a home-made Particle Inflow Gun (PIG), a flowing helium device. The number of clones obtained using the PIG was more than 3 times that obtained using the gunpower version of the DNA particle gun. When GUS activity was measured histochemically, the use of the pressurized-helium powered PIG increased transient gus gene expression by 2.5 times from an average of 709 positive foci with the gunpowder version to 1,812 foci with the PIG.
In this report, we describe a reproducible, high frequency transformation protocol by DNA particle dently. Finer and McMullen [5] also showed that a sufficient size and organization of the embryogenic tissues was required for proliferation and maintenance of the embryogenic state of the cultures. After one or two months of proliferation, the putative transgenic clones could be used for plant regeneration and for characterization by GUS assay, PCR amplification and Southern blot hybridization analysis.
2 Plant regeneration
Transgenic somatic embryos developed on the liquid or solid embryo development media without growth regulators. Liquid medium enhanced the frequency of embryo development and reduced the time span required for embryo development. This might be due to a uniform supply of nutrients for tissues and dilution of 2,4-D carried over from 10A40N medium which contains 5 mg/l 2, 4-D. It is noted that 2, 4-D is required for maintenance of an embryogenic state. An average of 85 developing embryos were produced from a single clump in liquid medium. After three weeks of growth, 8 to 10 embryogenic clumps in 30 ml liquid medium resulted in 3.5 to 6 g fresh weight of developing embryos, whereas only 0.5 to 1 g of developing embryos were produced on solid medium. Rinsing the clumps with liquid embryo development medium prior to transfer to solid embryo development medium also stimulated the growth of the embryos apparently by removing the 2,4-D. Similarly, activated charcoal at the concentration of 0.5% (w/v) in solid medium has also been used to eliminate the carryover effect of 2, 4-D on embryo development [17] . However, culturing the tissues in liquid medium for more than 3 weeks was detrimental to further embryo development and germination due to the production of secondary compounds and/or possibly the lignification of tissues.
Embryo germination was achieved after a desiccation period of 2-10 days. The desiccation treatment could increase the germination frequency up to 80% depending upon the clone. It has also been reported that partial desiccation enhances conversion of somatic embryos of soybean [7, 18, 191 . The desiccation period has been reported to be associated with the synthesis of proteins related to the germination ability [20, 21] . All plants that were regenerated were sterile.
3 Identification and molecular analysis of
transgenic clones Histochemical analysis of GUS activity in putative transgenic clones provided positive evidence of soybean transformation. GUS activity driven by CaMV 35S promoter was observed in putative transgenic clumps after hygromycin selection as shown by the dark blue color (Fig. 1-C) . Of the 31 independent hygromycin-resistant clumps examined, 14 were positive for GUS activity, giving a 45% coexpression efficiency. Developing transgenic embryos and germinating transgenic tissues also expressed GUS activity ( Fig. 1-D) . primer sets were used to amplify both fragments together in the same reaction. B, C. Southern blot analysis of PCR products in gel A using 32P-labeled gus (B) or hpt (C) probes. The presence of the gus and hpt gene sequences in genomic DNA was initially assayed by PCR analysis. Fig. 2 -A shows the results of PCR amplification of the gus and hpt genes from genomic DNAs with 2 different sets of primers. One set, GUS5 and GUS6R, was used to amplify the 1.8 kb gus fragment for the pUCGUS plasmid, and the other set, HPT2 and HPT5R, to ampify the 0.81 kb internal hpt fragment for the pHygr or pHPT-1 plasmid. All four transgenic lines, JGAH-1, JGAH-92, JGAH-95 and JGAH-99 which were identified as GUS-positive transformants after hygromycin selection, exhibited both the 1.8 kb gus fragments and the 0.81 kb hpt fragments after PCR amplification with either set of primers or with both sets in the same reaction ( Fig. 2-A) . However, neither the gus nor hpt fragments were amplified in nontransformed controls with either of the primer sets. The PCR produced many other fragments under the conditions used but Southern blot hybridization analysis of these PCR products confirmed that the correct sequences were amplified in the 4 lines tested (Fig. 2-B and 2-C) . As expected, the gus probe hybridized only to the expected gus fragments, and did not hybridize to the htp fragments amplified with the primer set, HPT2 and HPT5R (Fig. 2-B) . Similarly, the hpt probe did hybridize only to the amplified hpt fragments, but not to the amplified gus fragments (Fig. 2-C) . Incorporation of the introduced gus gene into the genomic DNA of transgenic soybean clones was further confirmed by Southern blot hybridization analysis of the genomic DNA of the transgenic clones. Digestion of pUCGUS with BamHI and Sstl generated the 1.8 kb gus gene [9] . Genomic DNAs from all 4 transformants that were positive for GUS activity and for PCR assay results did show hybridization with the gus probe in the BamHI/SstI digest (Fig. 3) . Southern blot analysis of all 4 transformed lines indicated that 1-7 copies of the gus gene were integrated into the genome and that the introduced gus gene was present in undigested high molecular weight genomic DNA. Nontransformed tissue did not contain DNA which hybridized to the gus probe. The transformation protocols we describe here are reproducible and extend those developed by Finer and McMullen [5] and Finer et al. [9] and illustrate that the method is routinely reproducible. Problems with a low frequency of plantlet regeneration and with sterility of regenerated plants were found in this study as in previous reports [5] . The rate of sterility appears to correlate with the age of the somatic embryo cultures.
years at the time of bombardment with exogeneous DNA. It appears that these cultures should not be more than 1 year old at the time of bombardment. Thus, we and others suggest that cultures be continuously reinitiated (J. Finer, personal communication). Although reinitiation is labor intensive and time consuming [8] . transformation of soybean via particle bombardment of embryogenic suspension cultures provides a good system for modification of agronomic traits and for study of gene regulation. For example,
we have recently found that the soybean embryogenic cultures could be used to test the function of a soybean seed-specific promoter [16] .
